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Lower dimension, stronger correlation, higher Tc ?
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cla
1594 1596 1.598 1.600 1.602 1.604 2

25 — 7
CeColn
20k CeRhin, (~ 16 kbar) = PuCoGa| 18
- 4116
15k PuCo 5Rh 5Ga5
CeCoosRhosln5 114
'_010 .
Or CeRh,Ir. In, 412
=~ CeCoIr,In_ 110
0.5 [Celrl CeRhozslrmIns
Bauer et al. PRL ‘04
PuRhGa5 18
1610 1.615 1.620 1.625 1.630 1.635 1.640
cla
~ )
s Los Alamos

NATIONAL LABORATORY
EST.1943

CuO

Tmex — 93K

Bag Ko 4FeaAss:

¥/ >— Reducing Dimensionality —>

CeRhIn5
T.=23K

UNCLASSIFIED

BaFeAs2

BaO

SmFeAsO

38K SmFeAsO(.85: 55K

CePt,lIn,
12 of 14 members of

I CemMn|n3m+2n
L and PuMGa; family
s H are superconductors

Eric Bauer

Slide 2

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’ s NNSA

T Y}
o \IAv



Lower dimension, more fluctuation, lower Tc ?

1, High dimension: mean field behavior (d > upper critical dimension)

2, Low dimension, more fluctuations (Mermin-Wagner theorem) :

continuous global symmetry can not be broken in 2d at finite T.

H ~ /ddil?(V@Q <¢2(0)> ~ / (;ijr];d klz

d=1,2, the integral diverges at IR. (d=2: lower critical dimension)

How to get high Tc (nature’s solution): heterostructure

2 dimensional correlation, 3 dimensional phase transition

- Los Alamos
NATIONAL LABORATORY UNCLASSIFIED Slide 3
ST.1943
Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’ s NNSA /N ¥ v

TN A ,u“"



Strongly correlated heterostructures: oxide interface
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Haraldsen, Wolfle, Balatsky, PRB 2012
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Hwang et al. Nat.
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Heavy fermion goes two dimensional: Celn3/Laln3
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Heavy fermion goes two dimensional: CeColn5/YbColn5

Molecular Beam Epitaxy

Heavy-fermion superconductor (MBE)
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Superconductivity in HF superlattices
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With magnetic field
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2d or 3d: proximity effect

Thickness of leakage region much larger than interlayer spacing

h’UN
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Suppressed proximity effect from mass mismatch

Valls, Bryan, Zutic (2010)

E. W. Fenton (1985) s - ‘
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Two dimensional superconductor
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Gap and Tc
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This is a Berezinskii-Kosterlitz-Thouless transition!

Consider a system with U(1) symmetry, e.g. XY-magnet, superfluid...

Landau: symmetry breaking, second-order phase transition

—|ri—r2|/& for T > T,
e , 1Or c
As |’I"1 — ’I"2| — 00, <(I)(T'1>(I)(r2)> ~ { constant for T < Tc

Mermin-Wagner: no broken continuous symmetry for d=2,1, due
to strong fluctuations

BKT: quasi-long-range-order and true phase transition in 2d

n
™M — T2
As |ry — ro| = o0, (D(7r1)P(rg)) ~ (l |> , for T < T,.
ro
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Vortex: topological defect in systems with U(1) symmetry

Superconducting order parameter: W(r,t) = A(r,t) expio(r, t)

Decompose phase into smooth and singular parts:

QS(T) — ¢sm(r) + ?bsg(’r)
f dr - Vou(r) =0
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Vortex-vortex interaction
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Stiffness: K = nsh?/4mkgT
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Fugacity: vy =-¢

Defect mediated phase transition
at finite temperature
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- Los Alamos
NATIONAL LABORATORY UNCLASSIFIED Slide 16
EST.1943
Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’ s NNSA V. 'DQ’ &

VAT



Feature I: universal jump in superfluid density

Kosterlitz's RG equation: Superfluid density has a jump at Tc:
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Feature ll: thickness dependence of transition temperature

WﬁQngD (TBKT)

8Mme,

Universal relation: kglgkT =

Carrier density:  n2P = n3Pd

n30(T) = n3P(0)AZ(0)/A3(T)

Penetration depth: AT = A0)
\/1 _ T/Tco)a Thickness ( A )
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Phase fluctuations in cuprates

Uemura relation (underdoped): T'.= const X p,(0)

H=3%m*n,(0) Jdr 02 v,=hV0O/2m*

(Kic)’a
167¢°A%(0)

TE>*=AV, Vo=

_ Emery, Kivelson, 1995
Homes’ law for cuprates (all doping): ps o< UdcTc

Towards a holographic realization of Homes’ law

Johanna Erdmenger, Patrick Kerner and Steffen Miiller

Maz-Planck-Institute for Physics, Werner Heisenberg Institut,
80805 Munich, Germany
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Feature lll: temperature dependence of resistivity

Above BKT temperature, there are unpaired vortices, which give
rise to resistivity.

—K7H(1) = 4ry*(D),
Kosterlitz's RG equation: J

Y0 = [2=mK(D)y()
Correlation length:  ¢(T' > T,) ~ b/ VT =T
Density of unpaired vortices: 7 oc €72

Resistivity from SC fluctuations: py; oc n s oc e 20/VI=Te
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Check: are they BKT transitions?
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Resistivity (feature lll)
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BKT transition temperature (feature lIl)

IBKT
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To understand the large dielectric constant

R0 = 4r%20),

Kosterlitz's RG equation: ! J
Y = [2=mK(D)y()

0 T—
Dielectric constant: ¢, = “<.c)  InOx: 1.4-1.9; YBCO: 4.6, 6;
ps(Ic”) “critical value”: 1.74

Large dielectric constant means large fugacity, or
small vortex core energy.

E.
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An unsolved problem:

Phase diagram of 2d vortex system at high density

Ho T
T —WKan] 10gR—0 — logyZn

ij

Some “contradicting” numerical results:
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Effect of magnetic vortex core

CeColn5: close to a magnetic QCP

SC vortices coupled to spin fluctuations:

* HU
— /D(I) /D(bexp (_kBT Sf)

: j v |
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Vortex core energy

Free energy density:  Fg = |[VO|* + (a — g’ 5 H?(r))|®]* + ~|®[*
Ho(r) ~ (®o/X?)Ko(r/N)

Spin fluctuations reduce vortex core energy.

OE. = f&iQr]:[@(r)] ~ _94”%”(1)3/7)\6 =—-Vy <0

Magnetic order parameter

Superconducting order parameter
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Superfluid density in quantum critical superconductors
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Open questions for theorists:

1, Phase diagram of vortex system at high density
2, BKT transition with competing orders

3, Superfluid density in quantum critical superconductors

Is there a holographic solution?
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